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Lfc and Lsc are two recently identified oncoproteins
that contain a Dbl homology domain in tandem with a
pleckstrin homology domain and thus share sequence
similarity with a number of other growth regulatory
proteins including Dbl, Tiam-1, and Lbc. We show here
that Lfc and Lsc, like their closest relative Lbc, are
highly specific guanine nucleotide exchange factors
(GEFs) for Rho, causing a >10-fold stimulation of
[3H]GDP dissociation from Rho and a marked stimula-
tion of GDP-[35S]GTPgs (guanosine 5*-O-(3-thiotriphos-
phate) exchange. All three proteins (Lbc, Lfc, and Lsc)
are able to act catalytically in stimulating the guanine
nucleotide exchange activity, such that a single mole-
cule of each of these oncoproteins can activate a number
of molecules of Rho. Neither Lfc nor Lsc shows any
ability to stimulate GDP dissociation from other related
GTP-binding proteins such as Rac, Cdc42, or Ras. Thus
Lbc, Lfc, and Lsc appear to represent a subgroup of
Dbl-related proteins that function as highly specific
GEFs toward Rho and can be distinguished from Dbl,
Ost, and Dbs which are less specific and show GEF ac-
tivity toward both Rho and Cdc42. Consistent with these
results, Lbc, Lfc, and Lsc each form tight complexes with
the guanine nucleotide-depleted form of Rho and bind
weakly to the GDP- and GTPgS-bound states. None of
these oncoproteins are able to form complexes with
Cdc42 or Ras. However, Lfc (but not Lbc nor Lsc) can
bind to Rac, and this binding occurs equally well when
Rac is nucleotide-depleted or is in the GDP- or GTPgS-
bound state. These findings raise the possibility that in
addition to acting directly as a GEF for Rho, Lfc may
play other roles that influence the signaling activities of
Rac and/or coordinate the activities of the Rac and Rho
proteins.
The Dbl family constitutes a group of oncoproteins and
growth regulatory factors that have been implicated in a diver-
sity of biological responses. Among the members of this family
is the prototype Dbl oncoprotein, as well as Cdc24, a Saccha-
romyces cerevisiae cell-division-cycle protein involved in bud-
site assembly (1, 2), Bcr, the breakpoint cluster region protein
that has been implicated in the development of certain human
leukemias (3), Tiam-1, which was first identified as a gene
product involved in cell invasiveness and metastasis (4), and
the vav (5), ost (6), ect2 (7), tim (8), fgd1 (9), abr (10), dbs (11),
lbc (12), lfc (13), and lsc (14) oncogene products. The Dbl onco-
protein was first discovered when transfecting the DNA from
diffuse B cell lymphomas into NIH 3T3 fibroblasts (1). Analysis
of the primary amino acid sequence of the Dbl protein indicated
that it contained a region of ;250 amino acids that shared
homology with Cdc24 and Bcr. Given that genetic evidence
placed Cdc24 upstream of Cdc42 in the bud-site assembly path-
way in S. cerevisiae, it seemed plausible that Dbl regulated the
actions of the human Cdc42 protein (Cdc42Hs). This led to the
biochemical demonstration that Dbl is a guanine nucleotide
exchange factor (GEF)1 for Cdc42Hs and Rho (15, 16) and that
Cdc24 is a highly specific GEF for the S. cerevisiae Cdc42
protein (Cdc42Sc) (2). It also was shown that the region of
sequence similarity that Dbl shared with Cdc24 was critical for
both GEF activity and for cellular transformation (16). More
recent sequence analysis has subdivided this region of se-
quence similarity into two domains that are shared among all
of the members of the Dbl family. The first domain, designated
the Dbl homology (DH) domain, is essential for the GEF activ-
ity of Dbl, and the second domain, which shares homology with
the platelet protein pleckstrin (designated the PH domain), is
critical for the proper cellular targeting of Dbl and related
proteins (13, 17).
Based on the initial biochemical studies performed on Dbl
and Cdc24, it has been generally assumed that all proteins that
contain a DH domain-PH domain in tandem will be GEFs for
Rho-subtype proteins. In some cases this has been borne out.
For example, Tiam-1 shows in vitro GEF activity toward Rac,
Rho, and Cdc42 (18), and Lbc is a specific GEF for Rho (19).
However, in a number of other cases, no GEF activity has yet
been associated with the Dbl-related protein. This raises some
important questions. 1) Are all DH domains involved in GEF
activity or do they serve other biological roles, for example in
the recruitment of Rho-related GTP-binding proteins to partic-
ular cellular locations and/or signaling complexes? 2) What
accounts for the presumed specificity in the functional coupling
of Rho-like proteins to Dbl-related molecules? In some cases in
vivo specificity is probably mediated by cellular targeting, as
accomplished by the individual PH domains of the different Dbl
proteins. However, there also are clear indications that certain
DH domains couple with high specificity to GTP-binding pro-
teins, as exemplified by the interaction between Lbc and Rho.
Overall, a better understanding of the regulation of Rho-re-
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lated GTP-binding proteins by members of the Dbl family is of
broad significance, given the highly coordinated actions of the
Rho proteins in mediating a series of cytoskeletal alterations
including filopodia and lamellipodia formation and the gener-
ation of stress fibers (20–23), as well as in stimulating DNA
synthesis (24–29) and promoting cell morphology changes and
cell motility (30).
In the present study, we have begun to address the questions
raised above concerning the functions of Dbl-related proteins.
To do this we have taken advantage of what appears to be a
subgroup within the Dbl family, for which the prototype is Lbc
and which includes the recently identified Lfc and Lsc onco-
proteins. Lfc and Lsc (i.e. the “first” and “second” cousins of
Lbc) were initially identified along with Dbs (“Dbl’s big sister”),
as the products of cDNAs that induce transformation, by using
a retroviral vector-based expression system to transfer a li-
brary of cDNAs from the murine 32D or B6SUtA1 hematopoi-
etic cell lines into NIH 3T3 fibroblasts (31). Both Lfc and Lsc
share the highest sequence similarity with the Lbc oncoprotein,
within the regions of the DH and PH domains. In this work, we
first set out to determine if like Lbc, the Lfc and Lsc proteins
were capable of stimulating guanine nucleotide exchange on
Rho-related proteins. We also were interested in determining if
Lfc and Lsc demonstrated a high degree of specificity in their
binding and GEF activities. The demonstration that Lfc and
Lsc, as well as Lbc, were highly specific in their interactions
with Rho proteins could lead to new insights regarding the
elements within DH domains that impart the ability to recog-
nize individual members of the Rho family.
EXPERIMENTAL PROCEDURES
Expression and Purification of Proteins—The GST-Lsc and GST-Lfc
proteins were prepared by first inserting the cDNAs encoding a frag-
ment of Lfc (fragments 208–573) and Lsc (fragments 333–778), which
encompasses the DH and PH domains of these proteins, into the
pGEX2T vector, and then the glutathione S-transferase (GST) con-
structs were cloned into the BamHI site of pAX142 (13, 14). The GST
constructs were digested from pAX142 at the MluI/SalI sites; the frag-
ments were then blunt-ended and inserted into the MluI/SmaI sites of
the baculovirus transfer vector pVL1393. Spodoptera frugiperda cells
(SF21) were infected with recombinant baculovirus; the cells were col-
lected at 48 h postinfection and lysed in 20 mM Tris-HCl (pH 7.5), 100
mM NaCl, 1 mM EDTA, 1% Triton X-100, 0.5 mM dithiothreitol, 1 mM
phenylmethylsulfonyl fluoride, 10 mg/ml aprotinin, and 10 mg/ml leu-
peptin. The GST fusion proteins were purified by glutathione-agarose
affinity chromatography. Preparation of GST-Cdc24 and GST-Lbc and
their expression in SF21 cells has been previously described (2, 19) as
has the expression of GST-GRF in Escherichia coli (32). The GTP-
binding proteins RhoA, Rac, Cdc42, and Ras were expressed as His-
fusion proteins in E. coli. The construction of an expression vector
containing GST fused to the cDNAs encoding the full-length genes for
different Ras-related GTP-binding proteins has been described (16, 19).
For RhoA, Rac, Ras, and Cdc42, the cDNAs were transferred into the
BamHI/EcoRI sites of a modified pET15b vector that allowed the coding
region to be in frame with the upstream hexa-His tag. The plasmid was
transformed into BL21 (DE3) E. coli, and an overnight culture from a
single colony was used to inoculate a 1-liter culture that was grown at
37 °C, while shaking, to an A560 of 0.6 (this took approximately 4 h). At
this time, the protein expression was induced by the addition of 200 mM
isopropyl-b-D-thiogalactoside for 2 h. Bacteria were harvested by cen-
trifugation and frozen at 280 °C. The pellets were thawed in lysis
buffer consisting of 20 mM Tris-HCl (pH 8.0), 5 mM imidazole, 500 mM
NaCl, 1 mM sodium azide, 200 mM phenylmethylsulfonyl fluoride, 10
mg/ml aprotinin, and 10 mg/ml leupeptin, and resuspended using a
glass/Teflon Dounce homogenizer. The bacteria were lysed on ice by
adding 0.5 mg/ml lysozyme with 5 mM EDTA followed by 10 mg/ml
DNase I (Boehringer Mannheim) and MgCl2 to 10 mM. The lysate was
cleared by centrifugation for 30 min at 30,000 rpm. The proteins were
purified by affinity chromatography, using an iminodiacetic acid aga-
rose column, charged with NiSO4. The 17-amino acid hexa-His tag was
then removed by thrombin cleavage. In all assays, the GST fusion
proteins were used without the removal of GST. The amounts of the
GEFs used in all experiments were estimated by Coomassie Blue stain-
ing after SDS-polyacrylamide gel electrophoresis.
GDP/GTP Exchange Assays—The GDP dissociation and GTP bind-
ing assays were carried out by the filter binding method at 24 °C as
described previously (15). The quantities of GTP-binding proteins and
the amounts of GST, GST-Lsc, GST-Lfc, GST-Lbc, GST-Cdc24 and
GST-GRF used for each individual experiment are indicated in the
figure legends. In the initial screens to detect guanine nucleotide ex-
change activity, the GTP-binding proteins were loaded with [3H]GDP
and incubated with control and test proteins. After 15 min, the samples
were quenched with ice-cold dilution buffer, containing 10 mM MgCl2,
and collected by filter binding and counted to determine the relative
amount of bound [3H]GDP remaining. To further characterize potential
nucleotide exchange activities detected in the initial screen, a full time
course of [3H]GDP dissociation and [35S]GTPgS binding was performed.
Fluorescence Spectroscopy—Fluorescence measurements were made
using an SLM 8000C spectrofluorimeter in the photon counting mode.
Samples were stirred continuously and thermostated at 25 °C in 20 mM
Tris-HCl, pH 8.0, 50 mM NaCl, 2 mM MgCl2. N-Methylanthraniloyl
(Mant)-dGTP was synthesized according to the published procedure
(33) from dGTP and N-methylisatoic acid (Molecular Probes, Eugene
OR). Guanine nucleotide exchange assays were carried out by initially
incubating 650 nM RhoA with 450 nM Mant-dGTP and monitoring Mant
fluorescence (excitation 5 350 nm, emission 5 440 nm). Exchange of
Mant-dGTP for GDP on RhoA was then initiated by the addition of
either GST-Lbc, GST-Lfc, or GST-Lsc, so that the final GEF concentra-
tion varied between 25 and 100 nM. 200 s after nucleotide exchange was
initiated, EDTA was added to a final concentration of 6.7 mM, thus
allowing the exchange of Mant-dGTP for GDP on RhoA to be driven to
completion; this was done to demonstrate that equal amounts of RhoA
bound to Mant-dGTP were present in each sample. The initial rates for
the nucleotide exchange activities catalyzed by Lbc, Lfc, or Lsc were
estimated by applying linear fits to the first 50 s after the addition of the
GEF, using IgorPro wavemetrics software.
Complex Formation of His-GTP-binding Proteins with GST-Lsc and
GST-Lfc—Interactions between G-proteins and GEFs were detected in
vitro by using immobilized GST-Lsc and GST-Lfc, and as positive con-
trols, GST-Lbc, GST-Cdc24, and GST-GRF were bound to glutathione-
agarose beads to co-precipitate purified His-tagged (clipped) GTP-bind-
ing proteins. Initially all interactions were assayed using the
nucleotide-free state of the GTP-binding proteins. Co-precipitations
were performed in 500-ml volumes of 20 mM Tris-HCl (pH 7.5), 100 mM
NaCl, 10 mM EDTA, 0.1% Triton X-100, 1 mM dithiothreitol, 10 mg/ml
aprotinin, 10 mg/ml leupeptin, and 1 mM phenylmethylsulfonyl fluoride
(incubating for 2 h at 4 °C). The agarose beads were washed in the
precipitation buffer three times by centrifugation and resuspended in
Laemmli buffer, subjected to SDS-polyacrylamide gel electrophoresis,
and Western blotted. Co-precipitations were performed for each GTP-
binding protein individually, and interactions were detected using anti-
RhoA monoclonal antibody (Santa Cruz Biotechnology), or anti-Rac
polyclonal antibody (Santa Cruz Biotechnology), anti-Ras monoclonal
antibody (Santa Cruz Biotechnology), or anti-Cdc42 antibody (raised
against the carboxyl-terminal 23 amino acids), by the ECL method
(Amersham Corp.).
In order to fully characterize the nucleotide dependence of the inter-
actions occurring between GEFs and GTP-binding proteins in the nu-
cleotide-free state, we repeated co-precipitations using RhoA and Rac
bound to GDP and GTPgS. These experiments were performed as
described above except that the GTP-binding proteins were preloaded
with the appropriate nucleotide, and the EDTA was replaced with 10
mM MgCl2 in order to stabilize nucleotide binding to the GTP-binding
proteins.
RESULTS
The principal aim of these studies was to determine whether
the Lfc and Lsc proteins were capable of functionally coupling
to the members of the Rho subfamily of GTP-binding proteins.
Previous studies have shown that the DH domain of Dbl is
essential for both its GEF activity and transforming capability
(16). All members of the Dbl family also contain a PH domain,
which is immediately carboxyl-terminal to the DH domain, and
recent findings suggest that the PH domain is important for
cellular targeting rather than for GEF activity (13, 17). How-
ever, because of the possibility that the PH domains of Dbl
proteins may have other regulatory functions, and because we
have found that the presence of surrounding sequences includ-
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ing the PH domain may be necessary to achieve the proper
folding of DH domains, we expressed and purified forms of the
Lfc and Lsc proteins that include both the DH and PH domains,
as well as some additional flanking sequences. Fig. 1A shows
the schematic representations of both the full-length Lfc and
Lsc proteins and the glutathione S-transferase (GST) fusion
proteins that were expressed in S. frugiperda (SF21) cells
and assayed for GEF activities (see below). Fig. 1B shows the
SDS-polyacrylamide gel electrophoretic profiles of the GST-
Lfc and GST-Lsc proteins. Both of the proteins could be
highly purified by glutathione-agarose chromatography and
appeared to be fully soluble.
Determination of Guanine Nucleotide Exchange Activity for
Lfc and Lsc—Comparisons of the Dbl domains of Lfc and Lsc
with other members of the Dbl family show that these domains
are most similar to those for Lbc (Fig. 1C). Given that Lbc is a
highly specific GEF for Rho, we examined whether the Lfc and
Lsc proteins were capable of similar biochemical activities. Fig.
2, A and B, shows that this is the case. Both Lfc (Fig. 2A) and
Lsc (Fig. 2B) were highly effective in stimulating the dissocia-
tion of [3H]GDP from E. coli-expressed RhoA. In the absence of
any regulatory protein, the half-time for the dissociation of
FIG. 1. Expression of Lfc and Lsc as
GST fusion proteins. A, schematic rep-
resentation of full-length Lfc and Lsc and
the GST-Lfc and GST-Lsc fusion proteins
that were expressed and assayed for GEF
activity. D4 Lsc and D10 Lfc refer to con-
structs that have been described previ-
ously (13, 14). B, expression and purifica-
tion of Lfc, Lsc, and Lbc as GST fusion
proteins. SDS-polyacrylamide gel electro-
phoresis (10% polyacrylamide) of the pu-
rified GST fusion proteins which were
prepared from SF21 insect cell lysates in-
fected with recombinant viruses that en-
code the Lfc, Lsc, and Lbc proteins. C, com-
parison of the Dbl homology domains from
Lbc, Lfc, Lsc, and Dbl. Alignment of resi-
dues 78–304 of Lbc to similar sequences
of Lfc, Lsc, and Dbl is shown. Boxed resi-
dues represent sequence identities.
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GDP from RhoA is relatively slow, i.e. .30 min at room tem-
perature. However, both Lfc and Lsc proteins were able to
markedly accelerate the rate of GDP dissociation by at least
10-fold such that the half-time for GDP dissociation was 2–3
min in the presence of these regulatory proteins.
Fig. 3, A and B, shows that the Lfc and Lsc proteins also
strongly stimulated the exchange of GDP for [35S]GTPgS. Here
again in the absence of any regulatory factor, RhoA is capable
of little if any guanine nucleotide exchange over a period of 20
min. However, both Lfc and Lsc catalyzed the complete ex-
change of GDP for GTPgS within ;10 min, thus indicating that
these proteins qualify as effective GEFs for the RhoA protein.
We have closely compared the initial rates of guanine nucle-
otide exchange on RhoA that are catalyzed by Lfc, Lsc, and Lbc,
under conditions where RhoA was present in at least a 6-fold
excess over the GEFs, using a very sensitive fluorescence spec-
troscopic assay (Fig. 4A). This assay is based on the finding
that the fluorescence emission of Mant-GTP is enhanced upon
binding to GTP-binding proteins. Thus, under conditions where
guanine nucleotide exchange is catalyzed, the presence of
Mant-dGTP in a cuvette solution containing RhoA will result in
an exchange of the GDP that was originally bound to RhoA for
the Mant-nucleotide and thereby provide a real-time assay for
FIG. 2. Stimulation of GDP dissociation from RhoA by Lfc and
Lsc. A, measurement of the dissociation of [3H]GDP from the E. coli
expressed RhoA protein as stimulated by GST-Lfc. B, measurement of
the dissociation of [3H]GDP from the E. coli expressed RhoA protein as
stimulated by GST-Lsc. For each experiment, 2 mg of recombinant RhoA
protein were preloaded with [3H]GDP and then added to incubations
containing 5 mg of GST (M), 1 mg of GST-Lfc (l), or 1 mg of Gst-Lsc (å)
in reaction buffer containing 100 mM cold GTP for the indicated time
before terminating the reactions by the nitrocellulose filter binding
method (see “Experimental Procedures”).
FIG. 3. Stimulation of GTPgS binding to RhoA by Lfc and Lsc.
A, measurement of GST-Lfc-stimulated GTPgS binding to E. coli ex-
pressed RhoA protein. B, measurement of GST-Lsc-stimulated GTPgS
binding to E. coli expressed RhoA protein. For each experiment, 5 mg of
GST (M), 1 mg of Gst-Lfc (l), or 1 mg of GST-Lsc (å) were added to 2 mg
of GDP-bound RhoA in a reaction mixture containing [35S]GTPgS for
the indicated time before termination of the reactions by the nitrocel-
lulose filter binding method.
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the exchange event, as monitored by the enhancement of Mant
fluorescence. Fig. 4A shows that the purified recombinant Lfc,
Lsc, and Lbc proteins each stimulated the enhancement of
Mant fluorescence as an outcome of catalyzed GDP-Mant-
dGTP exchange on RhoA. The time courses for the fluorescence
changes stimulated by Lbc and Lfc were virtually identical for
each of the three different GEF concentrations assayed. While
we consistently found Lsc to stimulate guanine nucleotide ex-
change at a rate that was ;2-fold slower compared with the
rate of exchange stimulated by Lbc and Lfc, it is difficult to
know how much significance to attach to these differences
because of the difficulties in estimating the protein concentra-
tions for the amount of functional GEF present in the assay.
In order to further compare the catalytic potential of the Lfc
and Lsc proteins, we assayed [3H]GDP dissociation from RhoA
as catalyzed by different concentrations of these GEFs. We
found that guanine nucleotide exchange occurred rapidly when
the GEF and GTP-binding proteins were present in equimolar
concentrations. As expected, decreasing the concentration of
Lfc or Lsc such that RhoA was in 2- or 4-fold excess (over
[GEF]) resulted in slower half-times of dissociation. However,
it appeared that complete dissociation of [3H]GDP from RhoA
will occur at each of the concentrations of Lfc and Lsc assayed,
indicating that both of these proteins act catalytically in stim-
ulating the guanine nucleotide exchange reaction.
Specificity of Lfc and Lsc as GEFs—The Lbc protein was
shown to be a highly specific GEF for Rho and did not stimulate
the guanine nucleotide exchange activity of Cdc42Hs, Rac, or
Ras (19). Thus, we examined whether Lfc and Lsc showed
similar GEF specificity. The data presented in Fig. 5 indicate
that like Lbc, both Lfc and Lsc are highly specific for RhoA
when assaying [3H]GDP dissociation after 15 min at room
temperature. Neither Lfc nor Lsc showed any GEF activity
toward Ras under these conditions, whereas recombinant GST-
Ras-GRF strongly stimulated GDP dissociation from Ha-Ras.
Similarly neither Lfc nor Lsc showed any activity toward
Cdc42Hs, again under conditions where Cdc24 effectively stim-
ulated GDP dissociation. Both Lfc and Lsc were ineffective in
stimulating GDP dissociation from Rac. The inability of Lfc and
Lsc to serve as GEFs for Ras, Cdc42Hs, and Rac also was
observed when complete time courses for [3H]GDP dissociation
were obtained (i.e. between 2.5 and 30 min (data not shown)). It
is interesting that although the DH domains of oncogenic Dbl
FIG. 4. Comparison of Lfc, Lsc and Lbc: initial rates of exchange on RhoA and catalytic potential. A, fluorescence spectroscopic
analysis of initial rates for guanine nucleotide exchange on RhoA (650 nM) catalyzed by Lbc (1), Lfc (2), and Lsc (3) at 25, 50, and 100 nM. The rate
of change of fluorescence was estimated using linear fits to the first 50 s after addition of GEFs. B, kinetics of guanine nucleotide exchange
catalyzed by Lfc (top panel) and Lsc (bottom panel), using equimolar concentrations of RhoA and GEF (r); å represents a 2-fold excess of RhoA
to GEF; F represents a 4-fold excess of RhoA to GEF, and M represents the GST control.
Lfc and Lsc Oncoproteins Represent Two New GEFs27378
(16), Ost (6), and Dbs2 are able to functionally couple to both
Cdc42Hs and RhoA, apparently the related DH domains of Lbc,
Lfc, and Lsc are only able to act as GEFs toward Rho proteins.
This in turn suggests that the basic framework for GEF spec-
ificity toward Rho is contained within the DH domains of the
Lbc subfamily of Dbl proteins.
Do Lfc and Lsc Show Similar Binding Specificity for Rho
Family Members?—Some members of the Dbl family are able to
bind to Rho-related GTP-binding proteins but do not stimulate
their guanine nucleotide exchange activity (6, 7). This suggests
that in some cases the DH domains serve as binding motifs,
perhaps functioning only to recruit GTP-binding proteins. Fol-
lowing this line we wanted to examine whether Lbc, Lfc, and
Lsc acted strictly as GEFs, such that they showed similar
binding specificity as that exhibited in the GEF assays, or if one
or more of these Dbl proteins within the Lbc subfamily were
capable of binding to other GTP-binding proteins, in addition to
Rho. These experiments were carried out using Lbc, Lfc, and
Lsc expressed as GST fusion proteins and immobilized on glu-
tathione-agarose beads. We first assayed the binding specific-
ities of these proteins for different GTP-binding proteins in
their guanine nucleotide-depleted state, since this should be
the preferred state for binding to GEFs. Fig. 6 shows that as
expected, GST-Lbc and GST-Lsc selectively associated with
RhoA but not with Rac, Cdc42, or Ras. Also as expected, GST-
Ras-GRF formed a complex with Ras and GST-Cdc24 com-
plexed with Cdc42Hs. However, it was surprising that al-
though GST-Lfc bound RhoA as effectively as Lbc and Lsc, the
GST-Lfc protein also associated with Rac (as did GST-Cdc24).
We next examined the nucleotide specificity for the binding
of RhoA and Rac to the Lbc subfamily members. The results
presented in Fig. 7 show that Lbc, Lfc, and Lsc bound specifi-
cally to the guanine nucleotide-depleted state of RhoA, again,
as is typically the case for GEFs (16). However, the interaction
between Lfc and Rac did not demonstrate this specificity, such
that Lfc effectively associated with both the GDP- and GTPgS-
bound states of Rac as well as with the nucleotide-depleted
form of the protein. Neither Lbc nor Lsc showed any binding
capability for Rac, regardless of nucleotide state.
Based on the finding that Lfc was able to associate with both
the GDP- and GTP-bound forms of Rac, we assayed the ability
of Lfc to inhibit GDP dissociation (i.e. act as a GDP dissociation
inhibitor) or influence GTP hydrolysis (data not shown). All
such assays were negative, that is we found no detectable GDP
dissociation inhibitor activity for Lfc nor did we find that Lfc
could alter the intrinsic or GTPase-activating protein-stimu-
lated GTP hydrolysis of the Rac protein.
DISCUSSION
The Lfc and Lsc oncoproteins are two recently discovered
members of the Dbl family of growth regulatory proteins. Each
of the members of this family share two motifs, a Dbl homology
(DH) domain of ;150 amino acids and a pleckstrin homology
(PH) domain that contains ;100 amino acids. Various mem-
bers of this family including the prototype, Dbl, as well as
Cdc24, Tiam-1, and Lbc have been shown to act as guanine
2 J. A. Glaven, I. P. Whitehead, R. Kay, and R. A. Cerione, unpub-
lished data.
FIG. 5. Specificity of Lfc and Lsc GEF activity on the Rho and
Ras-type GTP-binding proteins. 2 mg of the various recombinant
GTP-binding proteins were preloaded with [3H]GDP and incubated
with 2 mg of GST, 1 mg of GST-Lfc, or 1 mg of GST-Lsc before termina-
tion of the reaction after 15 min. 1 mg of GST-Ras-GRF was used as a
control for assaying stimulated dissociation of GDP from Ras; 1 mg of
GST-Lbc was used as a control for stimulated GDP dissociation from
RhoA, and 1 mg of Cdc24 was used as a control for stimulated GDP
dissociation from Cdc42 and Rac.
FIG. 6. Interactions of Lfc and Lsc with the Rho and Ras-type
GTP-binding proteins in the nucleotide-free state. Specific asso-
ciation of Lfc and Lsc with various GTP-binding proteins was deter-
mined by using GST-Lfc and GST-Lsc bound to glutathione-agarose
beads to precipitate the GTP-binding proteins. The GTP-binding pro-
teins were depleted of nucleotide by preincubation with 10 mM EDTA,
as described under “Experimental Procedures.” Proteins bound to the
beads were resolved by SDS-polyacrylamide gel electrophoresis (12%)
and immunoblotted using antibodies directed against the GTP-binding
proteins.
FIG. 7. Specificity of the nucleotide state of RhoA and Rac for
interactions with Lsc and Lfc. Binding of Lfc, Lsc, and Lbc to RhoA
and Rac was determined under different conditions of guanine nucleo-
tide occupancy. Co-precipitation of recombinant RhoA or Rac with GST-
Lfc, Lsc, and Lbc fusion proteins was carried out as described in Fig. 6.
The nucleotide state of the GTP-binding proteins was established by
preincubation in buffer containing 10 mM EDTA (to achieve the nucle-
otide-depleted state) or buffer containing 10 mMMgCl2 and 200 mMGDP
or 200 mM GTPgS for 30 min to establish the GDP-bound and GTPgS-
bound states.
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nucleotide exchange factors (GEFs) by stimulating the ex-
change of GTP for GDP on Rho subfamily GTP-binding pro-
teins (2, 15, 18, 19). In two cases, Cdc24 and Lbc, the GEF
activity is highly specific, with Cdc42 serving as the substrate
for Cdc24 and Rho serving as the substrate for Lbc. Given the
fact that the DH domains of Lfc and Lsc are most similar to
that of Lbc, we were interested in the possibility that these two
oncoproteins might also act as specific GEFs for Rho and thus
together with Lbc comprise a specific subgroup of the larger
family of Dbl-related proteins. The data presented here suggest
that this in fact is the case. Both Lfc and Lsc appear to be
highly specific GEFs for Rho and show no detectable GEF
activity toward Cdc42, Rac, or Ras. The abilities of these on-
coproteins to stimulate GDP dissociation from or GDP-
[35S]GTPgS exchange on Rho are similar to the activities meas-
ured for Lbc, both with regard to the initial rate of GDP
dissociation and the catalytic capability of their GEF activities.
These findings then suggest that the essential features for GEF
specificity for Rho are contained within the DH domains of Lbc,
Lfc, and Lsc but are missing in the Dbl and Ost oncoproteins,
since the latter two proteins functionally couple to Cdc42 as
well as to Rho.
An obviously important question that is raised by these
studies concerns the reason for the existence of multiple GEFs
for Rho. One possibility might have been differences in tissue
distribution; for example, if Lbc, Lfc, and Lsc showed markedly
different tissue locations, then the need for multiple Rho GEFs
would be obvious because of the ubiquitous distribution of Rho.
However, the fact that all three of these oncoproteins appear to
be located in similar tissues, and in the case of Lfc and Lsc, the
same cell types, seems to argue against this explanation.
A second possibility may involve distinct cellular locations.
There are already indications that one Rho subfamily member,
Cdc42, is located both in the plasma membrane and in Golgi
membranes (34) and that it may be necessary to activate Cdc42
at both of these cellular locations. The targeting of Dbl and
Dbl-related proteins to specific cellular sites through their PH
domains may provide a means to selectively activate Rho sub-
family proteins at distinct locations. In the case of Dbl, the PH
domain appears to target this GEF to a cytoskeletal location (17),
whereas in the case of Lfc, the PH domain appears to be targeting
the GEF to the plasma membrane, since replacement of the PH
domain with a Ras-farnesylation sequence restores transforming
activity to Lfc (13). The cellular locations of Lbc and Lsc have not
yet been determined, although chances are that their PH do-
mains will bind specific cellular targets. Thus, it will be interest-
ing in the future to determine whether Lsc and Lbc are located in
different regions of the cell relative to Lfc.
A third rather intriguing possibility for the existence of what
appears to be multiple Rho GEFs concerns the potential in-
volvement of these proteins in different signaling pathways
mediated by other GTP-binding proteins (i.e. aside from Rho).
This directly bears on the question of whether all proteins that
contain DH domains act directly as GEFs or, if in some cases,
these proteins serve to recruit GTP-binding proteins to a spe-
cific cellular site (as marked by the PH domain) where they can
either be activated or regulated by other factors (e.g. lipids).
There already is precedent for Dbl-related proteins binding
GTP-binding proteins without having direct effects on guanine
nucleotide exchange. One such example is Ect2 (7), which binds
Rac in a guanine nucleotide-independent manner, and a second
example is Ost (6), which associates specifically with GTP-
bound Rac. In these studies, we show that Lfc, unlike Lbc or
Lsc, binds to Rac in a guanine nucleotide-independent manner.
This interaction does not appear to have any direct influence
(either stimulatory or inhibitory) on GDP dissociation from Rac
nor on GTP hydrolysis. However, it is interesting that recent
work has shown that expression of Lfc (but not Lsc) in COS
cells results in an activation of the c-Jun kinase (JNK1),3 a
nuclear mitogen-activated protein kinase that catalyzes the
amino-terminal phosphorylation of c-Jun. Given that it has
been well documented that Rac and Cdc42, but not Rho, ini-
tiate signaling cascades that culminate in the activation of
JNK1 (24–27), it will be interesting to see if the Lfc-Rac inter-
action reported here is in some way involved in the pathway
that mediates Lfc effects on JNK1 activity.
An important direction of future studies will be to further
investigate the functional outcome of Lfc-Rac interactions. Re-
cently, we have found that phosphatidylinositol 4,5-bisphos-
phate may represent an alternative factor for initiating the
activation of Rho subtype GTP-binding proteins (35). Specifi-
cally, it appears that phosphatidylinositol 4,5-bisphosphate
can bind directly to Cdc42 (and to lesser extents to Rac and
Rho) and strongly stimulate GDP dissociation. While it does
not appear that phosphatidylinositol 4,5-bisphosphate will act
cooperatively with Dbl (since Dbl, alone, is fully capable of
stimulating GDP-GTP exchange on Cdc42 or Rho), it will be
interesting to see if phosphatidylinositol 4,5-bisphosphate or
other lipids can act synergistically with Lfc to influence the
activation state of Rac. The location of a potential lipid binding
domain on Lfc raises other possibilities regarding lipid factors
that might influence the functional coupling of this oncoprotein
to Rho-like GTP-binding proteins. Thus, it may be that the
family of Dbl-related proteins provide a broader group of func-
tions than originally anticipated, not only acting directly as
specific GEFs but also specifying the cellular sites where other
factors can promote the activation of GTP-binding proteins
and/or where targets can bind to GTP-binding proteins and
mediate downstream signaling events.
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